Here, we report that ovarian cancer G protein coupled receptor 1 (OGR1) (aka GPR68) acts as coincidence detector of membrane stretch and its physiological ligand, extracellular H + . Using fluorescence imaging, substrates of different stiffness, microcontact printing methods, and cell-stretching techniques, we show that OGR1 only responds to extracellular acidification under conditions of membrane stretch and vice versa. The level of OGR1 activity mirrors the extent of membrane stretch and degree of extracellular acidification. Furthermore, actin polymerization in response to membrane stretch is critical for OGR1 activity, and its depolymerization limits how long OGR1 remains responsive following a stretch event, thus providing a ''memory'' for past stretch. Cells experience changes in membrane stretch and extracellular pH throughout their lifetime. Because OGR1 is a widely expressed receptor, it represents a unique yet widespread mechanism that enables cells to respond dynamically to mechanical and pH changes in their microenvironment by integrating these chemical and physical stimuli at the receptor level.
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In Brief Wei et al. show that the proton-sensing receptor OGR1/GPR68 is a coincidence detector of extracellular pH and substrate stiffness via changes in cell stretch. Changes in matrix stiffness and pH occur physiologically and pathologically. OGR1 is ideally positioned to sense and respond to changes in both, thus influencing cell, tissue, and organ fate.
SUMMARY
The physical environment critically affects cell shape, proliferation, differentiation, and survival by exerting mechanical forces on cells. These forces are sensed and transduced into intracellular signals and responses by cells. A number of different membrane and cytoplasmic proteins have been implicated in sensing mechanical forces, but the picture is far from complete, and the exact transduction pathways remain largely elusive. Furthermore, mechanosensation takes place alongside chemosensation, and cells need to integrate physical and chemical signals to respond appropriately and ensure normal tissue and organ development and function. Here, we report that ovarian cancer G protein coupled receptor 1 (OGR1) (aka GPR68) acts as coincidence detector of membrane stretch and its physiological ligand, extracellular H + . Using fluorescence imaging, substrates of different stiffness, microcontact printing methods, and cell-stretching techniques, we show that OGR1 only responds to extracellular acidification under conditions of membrane stretch and vice versa. The level of OGR1 activity mirrors the extent of membrane stretch and degree of extracellular acidification. Furthermore, actin polymerization in response to membrane stretch is critical for OGR1 activity, and its depolymerization limits how long OGR1 remains responsive following a stretch event, thus providing a ''memory'' for past stretch. Cells experience changes in membrane stretch and extracellular pH throughout their lifetime. Because OGR1 is a widely expressed receptor, it represents a unique yet widespread mechanism that enables cells to respond dynamically to mechanical and pH changes in their microenvironment by integrating these chemical and physical stimuli at the receptor level.
INTRODUCTION
The physical environment and its impact on cells are increasingly studied as key determinants of cell, tissue, and organ behavior and fate. Mechanical forces are experienced by all cells; they critically shape physiological processes and can be sensed by a range of proteins [1] [2] [3] . Different properties of mechanical force (type of force, orientation, and temporal profile) can involve distinct receptors and/or signaling cascades [4] . Mechanical force is not only imposed on cells by their environment but is also generated within cells, e.g., during contraction [5] , cell migration [6] , and morphogenesis [7] .
Mechanosensation needs to be integrated and interpreted by cells in the context of chemosensory stimuli that equally influence and affect cells, to build a comprehensive picture of the cellular environment and allow initiation of appropriate responses. Mechano-and chemoreceptor stimulation can come together on several levels: mechanosensors can translate mechanical force into changes in the chemical composition of cells, for example, by opening ion channels [8] or activating gene transcription [9] . They may employ signaling transduction pathways also used by chemoreceptors, e.g., mechanosensitive G protein coupled receptors (GPCRs) [2] . Further, mechanoreceptors are subject to chemical modifications that affect their ability to function; for example, integrin activity is modulated by phosphorylation [10] . Finally, mechanosensors may contain peptide sequences that are exposed when mechanical force is applied, thereby becoming accessible to their chemical ligand that then binds and changes their activity or function. Here, the mechanical stimulus acts as activation clamp; chemical ligand binding is prevented unless mechanical force is exerted. Talin exemplifies this principle: mechanical force uncovers a binding site for vinculin, which sets downstream signaling cascades in motion [11] .
When investigating mechanosensitive properties of OGR1, we uncovered another level of interaction between mechano-and chemosensory pathways that depends on coincidence detection of mechanical stimulus and chemical ligand concentration for activation. Signaling through the H + sensing GPCR OGR1 
RESULTS

OGR1 Activation Is Substrate-Stiffness Dependent
To study the impact of the mechanical environment on OGR1 function, DAOY cells (human neuronal progenitor cells we use to study OGR1) were plated on substrates of different stiffness, ranging from 0.2 kPa to >1 GPa, and reflecting the stiffness range of tissues in the human body [12] Figure 1D ; p < 0.0001).
To examine whether the observed stiffness dependence reflected sensitivity of the downstream signaling machinery, DAOY cells were plated on high-and low-stiffness substrates and exposed to agonists for histamine and muscarinic receptors ( Figures 1E and 1F) . Activation of these receptors (100 mM histamine and 5 mM carbachol, respectively) showed no stiffness dependence.
The softest environments in the human body are fluids. Fluorescence experiments were hence performed with DAOY cells in suspension. We did not detect any OGR1 activity, consistent with experiments depicted in Figure 1 , but could measure muscarinic receptor activation ( Figure S1A ), demonstrating that our experimental procedure and equipment can detect Ca 2+ release from intracellular Ca 2+ stores by G q -coupled receptors.
To prove a critical role for OGR1, the OGR1 inhibitor Cu 2+ [13] and knockdown experiments were used. OGR1, but not muscarinic, responses were reduced in the presence of Cu 2+ , and knockdown experiments confirmed that the receptor responding to extracellular acidification was OGR1 (Figures S1B and S1C). Together, these results show that OGR1 activity in DAOY cells is stiffness dependent.
To test whether stiffness sensitivity of OGR1 was confined to DAOY cells, OGR1 responses were evoked on high-and lowstiffness substrates in MG63 cells (osteoblast cell line) and primary human brain vascular pericytes. OGR1 showed the same stiffness dependence in these cells as in DAOY cells. Importantly, fluorescent signals recorded in MG63 cells and pericytes using agonists for other G q -coupled receptors (bradykinin and endothelin-1, respectively) showed that these receptors lacked substrate stiffness sensitivity (Figures 2A and 2B ).
To unequivocally demonstrate that OGR1 receptors are stiffness sensitive, experiments were repeated in HEK293 cells stably transfected with human OGR1 (hOGR1-HEK) [14] and seeded on high-and low-stiffness substrates. Control experiments were carried out in non-transfected wild-type HEK cells on >1 GPa to demonstrate lack of OGR1 expression ( Figure S2 shows qPCR results for OGR1 expression in all cell types used). Transfected hOGR1 showed the same stiffness sensitivity as endogenous OGR1, and non-transfected wild-type HEK cells did not show Ca 2+ responses upon extracellular acidification ( Figure 2C ). Figure 3A , left two pairs of bars). At pH o 7.7, forskolin triggered virtually identical increases in [cAMP] i on both substrates, ruling out any OGR1-independent impact of the soft substrate on intracellular cAMP production ( Figure 3A , middle pair of bars). To address whether OGR1 might inhibit cAMP production on soft substrate, cells on hard and soft substrate were exposed to forskolin and pH o was dropped from Figure 3B ). We found no evidence for substrate-stiffness-dependent activation of Rac ( Figure 3C ; on hard substrate: 100% at pH o 7.7 and 118.9% at pH o 6; on soft substrate: 102% at pH o 7.7 and 118.2% at pH o 6) or Cdc42 signaling ( Figure 3D ; on hard substrate: 100% at pH o 7.7 and 82% at pH o 6; on soft substrate: 87.7% at pH o 7.7 and 85% at pH o 6). Hence, soft substrate stiffness does not alter G protein signaling of OGR1 receptors.
OGR1 Does Not
Finally, we considered that OGR1 may be inserted into or removed from the membrane in a substrate-stiffness-dependent manner and quantified membrane expression of OGR1 in hOGR1-HEK cells. We found no evidence for stiffness-dependent OGR1 membrane expression ( Figure 3E ; 100% OGR1 membrane expression on hard substrate; 98.6% expression on soft substrate).
OGR1 Activation Is Dependent on Cell Shape
Substrate stiffness can influence cell shape [16] . DAOY cells, MG63 cells, pericytes, and hOGR1-HEK cells were plated on hard and soft substrates to study impact of substrate stiffness on cell shape using antibodies against actin, tubulin, and DAPI ( Figure 4A ). There was a profound difference in cell shape for DAOY and MG63 cells on hard compared to soft substrates: cells on hard substrate displayed intense stress fiber formation and stretch, and cells on soft substrate assumed round shapes. Pericytes also responded to stiff substrate by spreading and stress fiber formation but largely retained their spindle shape on soft substrate, and hOGR1-HEK cells exhibited less cell spreading than the other cells on hard substrate compared with soft substrate. Wild-type HEK cells also only exhibited a modest change in cell shape when grown on hard versus soft substrate ( Figure S3A ).
Intriguingly, the differential impact of substrate stiffness on cell shape was mirrored in the OGR1 responsiveness of these cells (see Figures 1A and 2A-2C ), suggesting that cell shape affects OGR1 signaling capacity. Cell capacitance measurements, to determine changes in cell surface area in response to substrate stiffness, showed no correlation between stiffness-dependent increases in cell surface area and OGR1 responsiveness ( Figure S3B ).
We then turned to microcontact printing to further investigate the impact of cell shape on OGR1 responsiveness. Microstamps were used to transfer fibronectin onto a hard surface that cells can otherwise not adhere to, thus imposing different shapes on cells [17, 18] and controlling cell spreading. DAOY cells were seeded on squares and circles with large (Figures 4B and 4C ; 2,500 mm 2 ) and small (Figures 4D and 4E; 400 mm 2 ) surface areas, and antibodies against actin, fibronectin, and DAPI stain were used to assess the cells' 3D shape, to study patterns of actin fiber formation at the fibronectin contact site, and to determine how well cells could mimic the imposed shape at the substrate contact site. Cells seeded on squares and circles with large surface area fully adopted the printed fibronectin shape. The actin cytoskeleton mirrored the fibronectin shape at the contact site, and the large surface area allowed cells to spread out such that they were flat ( Figure 4B ). Squares and circles with a surface area of 400 mm 2 were too small to allow cell spreading, resulting in rounded cell shapes. The actin cytoskeleton, however, did mirror the fibronectin shape at the contact site. There was a tendency for cells on small squares to be flatter than cells on small circles ( Figure 4D ), suggesting that the shape of the stamp influenced the 3D cell shape beyond the immediate fibronectin contact site on the substrate surface. Intriguingly, activation of OGR1 on these small shapes resulted in distinct responses for small squares and circles (Figure 4E ). For small squares, the overall percentage of responders was 61.4% and fell into two categories: fast and large-amplitude responders (22.2% of responders) and slow and small-amplitude responders (77.8% of responders; Figure 4E ). Fast and slow responders differed significantly in terms of kinetics and amplitude (p < 0.0001 for both). Compared with responses obtained on large squares ( Figure 4E ), the average amplitude of the fast response was similar (p = 0.1003), but response kinetics were slower (32.7 ± 2.1 s small squares; 16.4 ± 1.9 s large squares; p = 0.0086).
Only 32.1% of cells on small circles responded to OGR1 activation with [Ca 2+ ] i rises, and all responses were slow and small ( Figure 4E ; gray circles average response for large circles). These small responses were similar in kinetics (p = 0.4985) and amplitude (p = 0.1337) to the slow responses observed on small squares but significantly smaller (p = 0.0024) and slower (p < 0.0001) than responses on large circles. Hence, cell shape impacts on OGR1 responsiveness to pH o .
OGR1 Activation Is Dependent on Membrane Stretch and Actin Polymerization
All experiments described so far were carried out on cells plated on substrates of different stiffness overnight. To establish whether OGR1 could respond dynamically and on a minute timescale to cell shape changes, DAOY cells were seeded onto soft (<1 kPa), stretchable membranes; cells assumed round shapes when seeded on them. Membranes and hence cells were then stretched for 4 min, 18 min, or 1 hr prior to OGR1 activation (Figure 5A ). To test for time-dependent recovery of OGR1 responsiveness from cell stretch (off response), cells were stretched for 1 hr and then unstretched for 4 min, 18 min, or 1 hr ( Figure 5B ) before OGR1 activation. Control experiments were carried out in cells on membranes that remained unstretched before OGR1 activation ( Figure 5C ). Moreover, we tested whether membrane stretch affected other G q coupled receptors: cells were plated on membranes that were either stretched for 1 hr or left unstretched, and muscarinic and histamine receptors were then activated by applying their respective agonist ( Figure 5D ). There was no difference in these receptor responses between stretched and unstretched cells ( Figure 5D ), confirming previous results ( Figures 1E and 1F ).
In contrast, only 14.5% of unstretched cells responded to OGR1 activation, and the average [Ca 2+ ] i rise was small and slow to develop ( Figure 5E ). However, dropping pH o after stretching resulted in robust OGR1 activation already after 4 min of stretch when over 80% of cells showed OGR1 activation; 100% responded after 18 min and 1 hr. The average amplitude was very similar for all three stretch durations, and the longer the stretch period, the faster the responses ( Figure 5E ). Repetition of experiments in the presence of Cu 2+ to block OGR1 resulted in decreased OGR1 responses ( Figure S4 ). Furthermore, knockdown of OGR1 inhibited stretch-dependent pH responses compared with scrambled short hairpin RNA (shRNA)-transfected cells ( Figure 5E ), demonstrating that OGR1 is the receptor underlying these stretch-dependent pH responses. When cells were tested for the OGR1 off response, around 60% of cells still responded to OGR1 activation even 1 hr after unstretching cells. There was a time-dependent decrease in average signal amplitude (p = 0.0213), and after 18 min, responses slowed down as much as cells unstretched for 1 hr (p = 0.1204; Figure 5F ). Hence, OGR1 responds dynamically and on a minute timescale to membrane stretch.
Actin filament is a key determinant of cell shape; changes in its polymerization state and arrangement allow cells to adapt to extracellular stress as well as drive cell shape changes themselves [19] . Hence, all changes in cell shape are accompanied by alterations in the actin arrangement. To address whether it was the change in membrane shape per se or the accompanying change in actin polymerization state that facilitated OGR1 activation, DAOY cells were seeded on stretchable membranes and stretched under control conditions or in the presence of inhibitors of actin polymerization ( Figure 6A ). responding to OGR1 activation; however, cells stretched in the presence of the actin polymerization inhibitors latrunculin A or cytochalasin D showed very little OGR1 activation, and results were similar to unstretched cells ( Figure 6A ). Hence, actin polymerization in response to membrane stretch is required for OGR1 activation. Importantly, cells exposed to cytochalasin D did not show any difference in their muscarinic receptor responses compared to cells under control conditions ( Figure S5A ), demonstrating that actin polymerization dependence is not a feature shared by all G q coupled receptors. We also tested whether disruption of the microtubule network might interfere with OGR1 activation but found no evidence for this ( Figure S5B ).
To provide further evidence for a role of the actin cytoskeleton in OGR1 responsiveness, we tested the impact of actin depolymerization using the depolymerization inhibitor jasplakinolide (200 nM). Following membrane stretch, this drug locks the actin cytoskeleton in its polymerized state. Cells were stretched for a total of 1 hr before OGR1 was activated; after 30 min, either jasplakinolide or an equivalent concentration of DMSO were added ( Figure 6B ). There was no difference in either percentage of responding cells or average amplitude of responses (p = 0.4089) between cells stretched in the presence of DMSO or jasplakinolide; however, OGR1 responses developed more quickly in jasplakinolide (p = 0.0069; Figure 6B ).
Cells were then stretched for a total of 1 hr (treated with DMSO or jasplakinolide after 30 min) and subsequently unstretched for a further 1 hr in the continued presence of jasplakinolide or DMSO. Jasplakinolide-treated cells were more likely to respond to OGR1 stimulation than control cells, and responses developed significantly faster (p = 0.0003; Figure 6B ). The average amplitude of the fluorescence signal was unaffected (100% ± 22.4% for DMSO; 119.2% ± 11.2% for jasplakinolide-treated cells; p = 0.4369). Hence, OGR1 activation requires actin polymerization and actin depolymerization contributes to rendering OGR1 inactive. membrane stretch. If this were the case, then a change in either parameter should activate OGR1 provided the other parameter is permissive. In a final series of experiments, we therefore addressed whether acute membrane stretch at a permissive pH o could give rise to OGR1 responses. DAOY cells were seeded on stretchable membranes and exposed to pH o 7.8, 6.8, and 6. Membranes were then stretched by 50%, and this level of stretch was maintained thereafter. Fluorescence recordings started at the same time as the membrane stretch, but it was not possible to keep track of cells during the actual stretching period. Results therefore represent fluorescence signals once 50% stretch was achieved. Cells stretched in pH o 7.8 did not show any OGR1 activation, and 56.5% of cells responded to membrane stretch at pH o 6.8 and 68.8% at pH o 6 ( Figure 7A ; Videos S1 and S2). Furthermore, there was a clear pH o dependence ( Figure 7B ): OGR1 responses following membrane stretch at pH o 6.8 were significantly smaller (p = 0.0019; Figure 7C ) and tended to be slower (though not significantly so; p = 0.1088) than at pH o 6.
We next explored whether OGR1 responsiveness was dependent on the extent of stretch. Cells were kept at pH o 6 and then stretched by 10%-60%. The larger the extent of stretch, the larger the OGR1 response (p = 0.0004; Figures 7D and 7E) . Intriguingly, the percentage of responders remained similar for 60%-20%, but dropped at 10% stretch ( Figure 7F ). The average time to peak of the fluorescence signal was not significantly different for the different stretch conditions. Figures 7D and 7E could either reflect OGR1 dependence on extent of membrane stretch or strain rate as the different levels of stretch were imposed on cells over the same period of time. To examine whether strain rate was relevant for OGR1 activation, we stretched cells by 50% over 1, 2, 5, and 10 min at pH o 6. There was no difference in the amplitude of OGR1 response for the different stretch durations following establishment stretch (p = 0.6865; Figure 7G ).
Results shown in
Together, membrane stretch activates OGR1 provided pH o is permissive, and the extent of membrane stretch determines OGR1 activation level. All error bars represent average ± SEM. **P < 0.01, ****P < 0.0001. See Figure S4 for results in presence of Cu 2+ .
DISCUSSION
activity is governed by both mechanical and chemical microenvironment; lack of either appropriate pH o or mechanical environment will prevent signaling through this receptor, and permissive changes in both parameters activate it. Furthermore, there is synergy between membrane stretch and pH o : the larger the extent of membrane stretch or extracellular acidification, the larger the OGR1 response. None of the other G q coupled receptors tested here showed a similar stretch sensitivity, suggesting that OGR1 is unique in its requirement of membrane stretch and chemical ligand for activation. Shear sensitivity, a mechanical stress modality distinct from stretch [4] , has been demonstrated for several other GPCRs, including histamine, muscarinic, and endothelin receptors also investigated in this study [2, 20, 21] (but see [13] ). Contrary to our findings, these GPCRs are mechanosensitive in the absence of their respective chemical ligands [2] and therefore act as either mechano-or chemical sensors. We find histamine, muscarinic, and endothelin receptor responses unaffected by substrate stiffness; hence, they do not respond to the kind of mechanical stress required for OGR1 activation. Many cell types, including endothelia, osteoblasts, podocytes, and stem cells, respond differently to shear and stretch stress [22] [23] [24] [25] , suggesting that these two different mechanical stimuli activate different intracellular signaling pathways. Hence, shear and stretch forces can be recognized as distinct events by cells that experience them.
Intriguingly, OGR1 itself has been shown to respond to shear stress in a subset of OGR1-expressing endothelia cells, but shear was neither required nor sufficient for OGR1 activation [13] . We demonstrate a very different level of mechanosensitivity of OGR1: OGR1 does not respond to even high levels of extracellular acidification unless cells experience membrane stretch and subsequent actin polymerization, demonstrating a fundamental dependence of OGR1 on this mechanical stimulus. Furthermore, the reported shear sensitivity of OGR1 was apparent only during the actual shear stress, while the stiffness dependence of OGR1 exhibits a memory. Moreover, OGR1 responses increase with extent of stretch and extracellular acidification, in contrast to their reported shear sensitivity, which had a bell-shaped pH o dependence that peaked at physiological pH o . The experiments looking at OGR1 responses to shear stress were carried out on cells on high stiffness surfaces [13] , and it would be interesting (G) Average peak increase in fluorescence following different time courses of implementing stretch; establishment of strain over 1 (n = 8), 2 (n = 28), 5 (n = 14), and 10 (n = 16) min. All error bars represent average ± SEM. **P < 0.01, ***P < 0.001. See Videos S1 and S2 for raw data.
to see whether OGR1 also exhibited shear sensitivity on soft substrate. A further class of mechanosensitive GPCRs is certain members of the adhesion GPCR (aGPCR) family, though the exact mechanotransduction pathways remain elusive for now [3] . Of particular interest is GPR126 (ADGRG6), which binds extracellular laminin and is activated by the force generated through laminin polymerization [26] , an intriguing parallel to our finding that actin polymerization is necessary for OGR1 activation.
OGR1 does not desensitize and is the only proton-sensing GPCR coupling to changes in [Ca 2+ ] i [14, 27] , which determine a plethora of physiological as well as underlie pathological processes. OGR1 affects a number of distinct cellular processes and, in light of our findings, its role in enamel formation [28] and bone development [29] [30] [31] is particularly intriguing: enamel and bone are the hardest materials in the human body, and enamel formation and bone development both require cycles of extracellular acidification [32, 33] .
Extracellular acidification and increases in tissue stiffness are also associated with aging [33, 34] and accompany and promote disease progression [35] [36] [37] . This places OGR1 in an exceptional position, as it is synergistically activated by both and hence sensitive to even small changes. OGR1 can activate gene transcription pathways [38] [39] [40] and is widely expressed in the human body [41] and overexpressed under pathological conditions [42, 43] . Moreover, extracellular acidosis (at least in part via OGR1 itself) can promote cell stiffening by stimulating stress fiber formation [44] , and OGR1 contributes to changes in extracellular matrix stiffness [45] . Consequently, extracellular acidification and matrix stiffening may initiate a positive feedback circle in which OGR1 enhances its own activity. This spiraling OGR1 activity may be important in certain diseases and their progression, making OGR1 an attractive therapeutic target for a range of pathologies, including solid cancers and fibrotic diseases.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Cells have not been authenticated DAOY (male) Cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS, Life Technologies Ltd/Thermo Fisher Scientific) and 100 U/ml penicillin and streptomycin (Life Technologies Ltd/Thermo Fisher Scientific). They were split when 70% confluent. Cultures were maintained at 37 C in a humidified 5% CO 2 /95% air atmosphere. Wild-type HEK293 (kind gift from Dr Anant Parekh, Oxford, UK) and human OGR1 stably expressing HEK (hOGR1-HEK; kind gift from Dr Klaus Seuwen, Novartis, Basel, Switzerland) cells (female) These cells were cultured as described for DAOY cells. Human osteosarcoma MG-63 cells (kind gift from Dr Philippa Hulley, University of Oxford, Oxford, UK) (male) Cells were cultured in DMEM supplemented with non-essential amino acids (NEAA, GIBCO/Thermo Fisher Scientific), 10% FBS and 100 U/ml penicillin and streptomycin. Cultures were maintained at 37 C in a humidified 5% CO 2 /95% air atmosphere. Human Brain Vascular Pericytes (gender not provided by supplier) Cells were purchased from ScienCell Research Laboratories, CA, USA and cultured in pericyte medium (ScienCell Research Laboratories, CA, USA) according to manufacturer's instructions. Cells from passages 2-5 were used for experiments. Cultures were maintained at 37 C in a humidified 5% CO 2 /95% air atmosphere.
METHOD DETAILS Preparation of Polyacrylamide gel
Polyacrylamide (PA) gels with uniform stiffness were prepared as described in [46, 47] on coverslips. Briefly, solutions containing 0.3% Acrylic acid, 0.18% acrylamide, and varying concentration of bis-acrylamide (0.03%, 0.09%, or 0.5%) were polymerized in the presence of ammonium persulfate and tetramethylethylenediamine to make 0.2 kPa, 2 kPa, and 6 kPa gels, respectively. Gels were cast between a SIGMACOTE siliconized glass dish and a 3-aminopropyltrimethoxysilane coated glass coverslip. After polymerization, gels were washed twice in 0.1 M 2-(N-morpholino)ethanesulfonic acid (MES) at pH6 for 15 min. Acrylic acid in gels was activated by conjugation reagent 20 mg/ml 1-ethyl-3-(dimethylaminopropyl (EDC) and 0.6 mg/ml N-hydroxysuccinimide (NHS) in 0.1 M MES, pH6, for 15 min. Following two washes in 0.1 M MES at pH6 for 15 min, 200 mg/ml poly-L-ornithine in 0.1 M MES was applied onto the gels, and they were incubated at 37 C for 30 min. PA gels were then rinsed well with phosphate buffered saline (PBS) and soaked in culture medium before plating cells. PA gel coverslips were coated with the same concentration of poly-L-ornithine as coverslips without PA gels; cells seeded on these coverslips are denoted as sitting on a > 1 GPa stiffness substrate. Results obtained on substrates with > 1 GPa stiffness are color-coded in black and those obtained on substrates with 200 Pa (0.2 kPa) stiffness are color-coded in green; these substrates are referred to as high and low stiffness, respectively.
Fluorescence Ca
2+ Imaging All solutions were made using HPLC-grade water. Cells grown on coverslips or seeded on deformable membranes (see below) were loaded with Fura-2-AM (4 mM, Molecular Probes/Thermo Fisher Scientific) in the standard external solution (145 mM NaCl, 10 mM HEPES, 2.8 mM KCl, 2 mM CaCl 2 , 2 mM MgCl 2 and 10 mM glucose, pH7.35) for 45 min at room temperature. Cells were then washed 3 times and left to recover for 15 min in standard external solution. Coverslips were then placed on a recording chamber and submerged with standard external solution. All experiments were conducted under Ca 2+ -free conditions: Ca 2+ was omitted from the standard external solution, and 0.1 mM EGTA was added. Fluorescence ratios for Fura-2-AM (340 nm/380 nm) were measured every 2 s with a fluorometric system from Till Photonics (Martinsried, Germany) and background subtracted online. Either pH o was dropped from 7.35 to 6 to activation OGR1 (referred to as OGR1 activation), or drugs (histamine, carbachol, bradykinin (Tocris), endothelin-1, ET-1) were added 1 min after recordings started. In some experiments, cells were exposed to drugs prior to and during the imaging experiment; this is detailed in the results section. Control experiments with solvents were carried out on the same experimental days and preparations as all other experiments. For Figure 7 , DAOY cells seeded on deformable membranes were loaded with 2 mM Oregon Green BAPTA-1 (Thermo Fisher Scientific) for 30 min in the standard external solution, washed in PBS and left to recover for a further 20 min in standard external solution. Fluorescence imaging experiments were then carried out under extracellular Ca 2+ free conditions (see above) using standard FITC filters at 10 frames per second before and during stretch, and every two seconds after stretch (to mirror experiments carried out with the ATMS Transformers CS machine) using an inverted Nikon Ti-E microscope with CoolLED excitation. Time-lapse stacks were realigned in FIJI (Fiji Is Just ImageJ, NIH, USA) to remove microscopic drift, and fluorescence intensity time profiles were extracted for ROIs corresponding to cell bodies. A background area free of cells was also recorded for background subtraction. Analysis showed that tracking cells during membrane stretch was difficult (due to changes in focus and relative movement of cells) and we therefore did not reliably get usable image sequences during the stretch application. For those cells where we could analyze images during stretch, we rarely observed OGR1 activation (fewer than 1/20 cells) and therefore decided to analyze OGR1 responses immediately following membrane stretch only, which was when the vast majority of responses could be measured.
All fluorescence signals were analyzed using Igor Pro 6.30 (WaveMetrics, Lake Oswego, OR, USA) and are represented as ratios of the fluorescence signals measured at 340 nm over 380 nm (FR) for Figures 1, 2, 4 , 5, and 6, and as percentage increase over baseline fluorescence signal (peak fluorescence x 100 / baseline fluorescence -100% = percent increase, %) for Figure 7 . Where appropriate, average graphs were constructed by averaging all waves obtained for one experimental condition. All average data are shown ± SEM. Control and test experiments were always performed on the same day. Basal Ca 2+ levels were similar for all conditions and did not show significant correlations with experimental conditions (0.4976 ± 0.0146, 0.4965 ± 0.0121, 0.526 ± 0.0138, and 0.4748 ± 0.0343 for >1 GPa, 6 kPa, 2 kPa, and 0.2 kPa, respectively; p = 0.4376). Cells with basal fluorescence ratios of 1 or above were rejected for analysis.
Uniaxial strain setup and cell stretch Uniaxial strain was applied to cells using a commercial stretch machine (ATMS Transformers CS, TAIHOYA Corp., Taiwan) or a custom-built stretching machine. Control experiments showed that results obtained with these machines were the same for identical settings. Commercial stretch machine (used for Figures 5 and 6 ): Deformable membranes (TAIHOYA Corp. Taiwan) were sterilized by ethanol immersion and coated in 50 mg/ml fibronectin at 37 C for 1 h. DAOY cells were seeded onto the wells and allowed to attach at 37 C for 30 min. They were then loaded with Fura-2, and images were recorded, as described above, after a 25% stretch had been applied within 1 s; this level of strain was either maintained throughout the rest of the experiment (Figures 5A and 5C-5E; Figures 6A and 6B ), or it was stopped after 1 h, and cells were then left unstretched for the rest of the experiment ( Figures 5B, 5D , and 5F; Figure 6B ). Control experiments with cells that remained unstretched were carried out on each experimental day to confirm that OGR1 is largely unresponsive in unstretched cells. Latrunculin A (Tocris), cytochalasin D, and Jasplakinolide (Tocris) were applied as follows: Latrunculin A and cytochalasin D were present from the beginning of stretch, Jasplakinolide was added 30 min into a 1 h stretch and continued to be present in those experiments in which stretching was followed by unstretching. Custom-built stretch machine (used for Figure 7 ): This machine consists of four components, a micro-stepper motor, a sample holder, a microscope stage adaptor and deformable wells; its built is detailed in (F.B., Julian H. George, Majid Malboubi, Antoine Jerusalem, Mark S. Thompson, and H.Y., unpublished data). The micro-stepper motor (Zaber Technologies NA08B30-T4 linear actuator) was driven by an X-MCB1 stepper motor controller and Zaber Console software. The microscope stage adaptor was designed to fit a Nikon Ti-E Inverted microscope stage, and machined from black anodised aluminum to minimize imaging glare. The sample holder was manufactured by stereolithographic 3D-printing on a Form 2 printer (FormLabs, USA), from clear photocurable resin. Deformable membranes were manufactured from Polydimethylsolixane (PDMS, Dow Corning, UK), at a 10:1 base to curing agent ratio, by casting in 3D-printed molds measuring 45 3 20 3 3 mm, with a central hole measuring 10 3 6.5 mm. 100 mm PDMS films (Silex, UK) were bonded to the bottom of the cast pieces to create watertight wells. DAOY cells were seeded onto fibronectin-coated deformable membranes, as described for the commercial machine. After loading with Oregon Green BAPTA-1 (see above), membranes were transferred to the uniaxial strain machine, and the desired strain was applied (between 10 -60% for experiments testing impact of extent of stretch, Figure 7D ; all other experiments were carried out at 50% strain). The required level of strain was reached over a 1 -10 min period for experiments in which impact of force was investigated ( Figure 7F ), and for all other experiments over a 1 min period; the desired strain was then maintained for the rest of the experiment. The post-stretch period was 2 min for experiments in which impact of strain rate was studied, and 10 min for all other experiments.
Knock-down of OGR1
Plasmids containing red fluorescent protein (RFP; to allow detection of successfully transfected cells) and human OGR1 shRNA or control scrambled shRNA (Origene Technologies, Rockville, MD, USA) were transfected into DAOY cells using the Lipofectamine 3000 Reagent (Thermo Fisher Scientific) according to the manufacturer's instructions. Four different shOGR1 constructs were mixed prior to transfection and transfected together to maximize knock-down. OGR1-targeting sequences were:
48 h after transfection, cells were trypsinised and plated on either deformable membranes (TAIHOYA Corp. Taiwan) or > 1 GPa and 0.2kPa stiffness substrates overnight; fluorescence Ca 2+ imaging experiments were performed as described.
Immunofluorescent Staining
Cells were fixed with 4% paraformaldehyde for 10 min at room temperature and rinsed three times with PBS. They were then incubated with 0.05% Triton X-100 for 10 min at room temperature and washed three times with Phosphate Buffered Saline with Tween 20 (PBST). After incubation with SuperBlock TM blocking buffer (Thermo Fisher Scientific) overnight at 4 C, cells were washed once with PBST and incubated with antibodies against tubulin at 4 C overnight. Cells were washed with PBST three times for 10 min and incubated with Alexa 488-conjugated anti-mouse IgG antibodies (Molecular Probes/Thermo Fisher Scientific), TRITC-conjugated Rhodamine Phalloidin (Molecular Probes/Thermo Fisher Scientific) or Alexa 488-conjugated anti-fibronectin antibodies (Abcam) for 1 hr at room temperature. After washing three times with PBST for 10 min, cells were mounted with VECTASHIELD antifade mounting medium with DAPI (Vector Laboratories Ltd, UK). Fluorescence images were taken by using a fluorescence confocal microscope (FV-1000, Olympus) with a CCD camera. Images were analyzed by FIJI (Fiji Is Just ImageJ, NIH, USA)
Microcontact printing method for cell attachment Polydimethylsiloxane (PDMS)-coated coverslips were prepared for cell attachment using microcontact printing methods as previously described [17, 18] . Briefly, to generate the stamps for patterned microcontact printing, a prepolymer of PDMS was poured over a photolithographically-generated SU-8 master (Microchem) on a silicon wafer. After curing, stamps were immersed in 50 mg/ml fibronectin for 1 h, rinsed with distilled water, blow dried, and then placed in conformal contact with UV ozone-treated PDMS-coated coverslips (Ozone cleaner; Jelight). After microcontact printing, the non-coated region was blocked with 0.2% Pluronic F-127 for 1 h, and printed PDMS-coverslips were used under standard cell culture conditions. cAMP assay HEK cells stably transfected with human OGR1 (hOGR1-HEK) [14] were plated overnight on >1 GPa and 0.2 kPa stiffness substrates prior to exposure to standard external solution at pH7.7 for 15 min. Depending on the experimental conditions, either extracellular pH was dropped to 6 for 15 min (to see whether seeding on soft substrate triggers OGR-mediated increases in cAMP production), or 10 mM forskolin was added for 15 min (to determine if a soft substrate affects cAMP production per se). In another set of experiments aimed at elucidating whether OGR1 couples to decreases in cAMP formation on soft substrates, first the extracellular pH was dropped from 7.7 to 6 for 15 min and then forskolin was added for a further 15 min, or both pH were dropped and forskolin added at the same time, or first forskolin was added for 15 min and then the pH dropped for a further 15 min. Cell lysates were then collected and the amount of cAMP was measured using a cAMP ELISA kit (Cell Biolabs, Inc., USA) according to the instruction from the manufacturer. Absorbance of each sample was read on a spectrophotometer at 450 nm (Thermo Fisher Scientific). The concentration of cAMP was obtained and normalized to the protein concentration of each lysate. Assays were replicated twice.
Small GTPase activity assay hOGR1-HEK cells [14] were plated overnight on >1 GPa and 0.2 kPa stiffness substrates. Cells were exposed to standard external solution at pH7.7 for 15 min and then pH o was dropped to 6 for a further 15 min. Cell lysates were collected, and activity of small GTPases was detected with a RhoA/Rac1/Cdc42 activation assay combo kit (Cell Biolabs, Inc., USA) according to the instruction from the manufacturer. Assays were replicated twice.
Surface biotinylation, collection of cell lysates and western blotting hOGR1-HEK cells [14] (His-tagged) were rinsed three times with ice-cold PBS. Cell surface proteins were biotinylated for 30 min with 100 mM biotin (EZ-linked NHS-SS-biotin; Pierce) diluted in PBS. Unbound biotin was quenched by incubation (5 min at 4 C) with PBS containing 100 mM lysine. Total cell lysates were harvested in RIPA lysis buffer containing protease inhibitor cocktail (Roche). One milligram of total protein was precipitated with 70 ml of UltraLink immobilized NeutrAvidin agarose beads (Pierce) overnight at 4 C by rotation. The beads were washed three times in cold RIPA buffer supplemented with protease. Biotinylated proteins (membrane proteins) were eluted from the beads by boiling in sample buffer. The lysates were analyzed by western blot with antibodies against His tag or GAPDH and visualized using enhanced chemiluminescence (ECL) system (GE Healthcare, UK). Western Blots were carried out in duplicates.
QUANTIFICATION AND STATISTICAL ANALYSIS Statistics
Statistical significance was calculated using Instat 2.03 (for Macintosh; GraphPad Software, La Jolla, CA, USA). Student's unpaired, two-tailed t test was used for comparison of two means. Two-tailed ANOVA was used for comparison of more than two means, and the Student-Newman-Keuls or Bonferroni test was used for post hoc analyses. For non-normally distributed data ( Figure 1D ), a Kruskal-Wallis statistic was determined. Data are presented as means ± SEM unless otherwise stated, and n indicates number of cells used or number of repeats carried out. Asterisks indicate level of significance (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).
